Premature programmed cell death or apoptosis of cells is a strategy utilized by multicellular 23 organisms to counter microbial threats. Tanapoxvirus (TPV) is a large double-stranded DNA 24 virus belonging to the poxviridae that causes mild Monkeypox-like infections in humans and 25 primates. TPV encodes for a putative apoptosis inhibitory protein 16L. We now show that 26 TPV16L is able to bind to a range of peptides spanning the BH3 motif of human pro-27 apoptotic Bcl-2 proteins, and is able to counter growth arrest of yeast induced by human Bak 28 and Bax. We then determined the crystal structures of TPV16L bound to three identified 29 interactors, Bax, Bim and Puma BH3. TPV16L adopts a globular Bcl-2 fold comprising 7 α-30 helices, and utilizes the canonical Bcl-2 binding groove to engage pro-apoptotic host cell Bcl-31 2 proteins. Unexpectedly, TPV16L is able to adopt both a monomeric as well as a domain-32 swapped dimeric topology where the α1 helix from one protomer is swapped into a 33 neighbouring unit. Despite adopting two different oligomeric forms, the canonical ligand 34 binding groove in TPV16L remains unchanged from monomer to domain-swapped dimer. 35
Introduction 41
Tanapoxvirus [1] is a member of the yatapoxviridae, a large double-stranded DNA virus 42 from the poxviridae superfamily. The yatapoxviridae comprise Tanapox virus (TPV), Yaba-43 like disease virus (YLDV) and Yaba monkey tumor virus (YMTV), and causes mild 44 monkeypox-like infections in humans as well as primates with symptoms that include fever 45 and skin lesions [2] . Tanapoxvirus encodes a range of immune modulatory proteins such as 46 TNF inhibitors [3] , as well as a putative B-cell lymphoma-2 (Bcl-2) homolog [4] . Bcl-2 47 proteins constitute a large family of proteins that primarily control programmed cell death, or 48 apoptosis, in higher organisms [5] and are evolutionarily ancient [6] . The family comprises 49 both prosurvival and proapoptotic members, which are characterized by the presence of one 50 or more of four Bcl-2 homology or BH motifs and a transmembrane anchor region [7] . The 51 mammalian prosurvival Bcl-2 members comprise Bcl-2, Bcl-w, Bcl-x L , Mcl-1, A1 and Bcl-b, 52 and maintain host cell survival. In contrast, proapoptotic Bcl-2 family members are 53 subdivided into two separate groups, the multimotif executors that comprise Bak, Bax and 54 Bok, and a second group, the BH3-only proteins, which only feature a BH3 motif and 55 includes Bad, Bid, Bik, Bim, Bmf, Hrk, Noxa, and Puma [8] . The BH3-only proteins 56 modulate apoptosis by neutralizing the activity of prosurvival Bcl-2 through binding a 57 surface groove [9] . After activation, Bak and Bax oligomerize to perforate the outer 58 mitochondrial membrane leading to inner membrane herniation [10] and subsequent release 59 of cytochrome c, that triggers the formation of the apoptosome and activation of downstream 60 caspases that dismantle the cell [11] . 61 A number of large DNA viruses encode functional, sequence and structural homologs 62 of Bcl-2 that promote infected host cell survival and viral proliferation [12] . Viral Bcl-2 63 homologs have been identified in herpesviridae, include those from Epstein Barr virus 64 BHRF1 [13, 14] and Kaposi sarcoma virus KsBcl-2 [15-17]. Other major virus families that 65 contain members encoding for pro-survival Bcl-2 proteins include the asfarviridae with 66 African swine fever virus encoded A179L [18] [19] [20] , and grouper iridovirus encoded GIV66 67 [21, 22] Figure 1 ). In order to understand the putative apoptosis regulatory function of TPV16L we 80 examined its ability to bind to peptides of host proapoptotic Bcl-2 proteins, and determined 81 crystal structures of TPV16L bound to its interactors. We now show that TPV16L is a highly 82 flexible Bcl-2 fold protein that is able to bind to BH3 motif peptides of host proapoptotic Bcl-83 2 proteins with high affinity both as a monomeric and domain-swapped dimeric form. These 84 findings provide a mechanistic basis for tanapox mediated inhibition of apoptosis, and 85 highlight the substantial structural flexibility in the Bcl-2 fold that allows multiple oligomeric 86 topologies to engage proapoptotic interactors using the canonical ligand binding groove. 87 88
Materials and methods 89

Protein expression and purification 90
Synthetic cDNA encoding for codon optimized wildtype TPV16L (Uniprot Accession 91 number Q9DHU6) as well as three mutants TPV16L (K52A, R90A and A96I) lacking 23 C-92 terminal residues were cloned into the bacterial expression vector pGex-6p-1 (Genscript). 93
Recombinant TPV16L was expressed in C41(DE3) cells in 2YT medium supplemented with 94 1 mg/ml ampicillin at 37°C in a shaking incubator until an OD 600 of 0.6 was reached. The 95 protein expression was induced by adding isopropyl β -D-1-thiogalactopyranoside (IPTG) to 96 final concentration of 0.75 mM for 18 hours at 20°C. Bacterial cells were harvested by 97 centrifugation at 5000 rpm (JLA 9.1000 rotor, Beckman Coulter Avanti J-E) for 20 min and 98 re-suspended in 100 ml lysis buffer A (50 mM Tris pH 8.0, 300 mM NaCl and 10 mM DTT 99 (dithiothreitol). The cells were homogenized using an Avestin EmulsiFlex homogenizer and 100 lysed using sonication (programme 7, Fisher Scientific™ Model 705 Sonic Dismembrator) 101 and the resultant lysate was transferred into SS34 tubes for further centrifugation at 18,000 102 rpm (JA-25.50 rotor, Beckman Coulter Avanti J-E) for 30 min. The supernatant was loaded 103 onto 5 mL of glutathione sepharose 4B (GE Healthcare) equilibrated with buffer A. After 104 sample application, the column was washed with 150 ml of buffer A and protein on-column 105 cleavage was achieved by adding HRV 3C protease overnight at 4°C. The cleaved protein 106 was eluted using buffer A, with the remaining protein being concentrated using a centrifugal 107 concentrator with 3 kDa molecular weight cut-off (Amicon® Ultra 15) to a final volume of 2 108 ml. Concentrated TPV16L was subjected to size-exclusion chromatography using a Superdex 109 S200 increase 10/300 column mounted on an ÄKTA Pure system (GE Healthcare) 110 equilibrated in 25 mM HEPES pH 7.5, 150 mM NaCl and 5 mM TCEP (Tris(2-111 carboxyethyl)phosphine hydrochloride), and fractions analysed using SDS-PAGE. The final 112 sample purity was estimated to be higher than 95% based on SDS-PAGE analysis. Crystallization and structure determination 155 Crystals for TPV16L: Bax BH3, TPV16L: Puma BH3 or TPV16L: Bim BH3 complexes 156 were obtained by mixing TPV16L with human Bax BH3 28-mer or Puma BH3 26-mer 157 peptide into 1:1.25 molar ratio as described previously [42] and concentrated using a 158 centrifugal concentrator with 3 kDa molecular weight cut-off (Amicon ® Ultra 0.5) to 5 159 mg/ml and concentrated protein was immediately used for crystallization trials. Initial high 160 throughput sparse matrix screening was performed using 96 well sitting drop trays (swissic, 161 Neuheim, Switzerland). 
Yeast colony assays 214
Saccharomyces cerevisiae W303α cells were co-transformed with pGALL(TRP) vector only, 215 pGALL(TRP)-Bcl-x L , or pGALL(TRP)-TPV16L and pGALL(Leu)-Bak or pGALL(Leu)-216
Bax. pGALL(TRP) and pGALL(Leu) places genes under the control of a galactose inducible 217 promoter [51] . Cells were subsequently spotted as a 5-fold serial dilution series onto medium 218 supplemented with 2% w/v galactose (inducing, "ON") to induces protein expression, or 2% 219 w/v glucose (repressing, "OFF"), which prevents protein expression, as previously described 220
[52]. Plates were incubated for 48 h at 30˚C and then photographed. 221 222
Results
223
In order to reveal the function for TPV16L, we recombinantly expressed and purified 224 TPV16L lacking the C-terminal 23 residues and examined its ability to bind to peptides 225 spanning the BH3 motif of all proapoptotic human Bcl-2 proteins using isothermal titration 226 calorimetry (ITC). TPV16L bound to a number of BH3 motif peptides with high affinity, 227
including those from the BH3-only proteins Bim, Bid, Hrk and Puma as well as those from 228 the multimotif executor proteins Bak and Bax ( Figure 2 , Table 1 ). We then utilized a yeast 229 based heterologous expression system for studying functional interactions of TPV16L with 230 Bak and Bax [13] . Consistent with our ITC data, we observed that TPV16L could directly 231 counter Bak and Bax induced yeast growth arrest when these proteins were overexpressed in 232 yeast (Figure 3) . 233
To understand the structural basis for proapoptotic Bcl-2 binding by TPV16L we then 234 determined the crystal structure of TPV16L bound to the human Bax, Bim and Puma BH3 235 motifs ( Figure 4 , Table 2 ). In the TPV16L:Bax BH3 complex, TPV16L adopts a globular 236
Bcl-2 fold comprising 7 α-helices (Figure 4a Figure S2c ). 255 TPV16L utilized the canonical Bcl-2 ligand binding groove formed by α2-5 to engage 256 BH3 motif ligands ( Figure 5 , S1). In the TPV16L:Bax BH3 complex (Figure 5a ), Bax 257 residues L157, L161, I164 and L168 protrude into the four hydrophobic pockets of TPV16L. 258
In addition, ionic interactions are observed between TPV16L R90 guanidium group and Bax 259 D166 carboxyl as well as TPV16L R90 guanidium group and Bax D169 carboxyl group, with 260 a further three hydrogen bonds between the TPV16L S84 hydroxyl group and the Bax S158 261 hydroxyl group, TPV16L R90 guanidium group and Bax K162 amine as well as TPV16L 262 S92 hydroxyl group and the main chain amide group of Bax G165 (Figure 5a) . 263
In the TPV16L:Bim BH3 complex (Figure 5b) , Bim residues I157, L161, I164 and 264 F168 are used to engage the four hydrophobic pockets in TPV16L. Furthermore, there is one 265 ionic interaction between TPV16L R90 guanidium group and Bim D166 carboxyl group and 266 a hydrogen bond between TPV16L N87 amide and Bim R162 guanidium group. In the 267 TPV16L: Puma BH3 complex (Figure 5c Since we observed TPV16L in both a monomeric and domain-swapped dimeric 279 topology, we subjected TPV16L and some of its complexes with BH3 motif peptides to 280 analytical ultracentrifugation (AUC). AUC was performed on TPV16L alone as well as on 281 TPV16L bound to Bim, Bax and Puma BH3 ( Figure 6 ). TPV16L alone revealed a mixture of 282 monomeric and dimeric protein at concentrations ranging from 0.2-0.8 mg/mL, with a ratio 283 of monomer:dimer of ~3.5:1. Similarly, complexes of TPV16L with Bim, Bax and Puma 284 BH3 at 0.2 mg/mL also revealed a mixture of heterodimers and heterotetramers, with the 285 ratio of TPV16L:Bim BH3 heterodimers vs heterotetramers being ~4:1, with TPV16L: Bax 286 and Puma complexes displaying comparable ratios of ~3.5:1, respectively, closely matching 287 the ratio observed for TPV16L alone (Figure 6) . 288
To validate the crystal structures of TPV16L bound to Bim, Bax and Puma BH3 we 289 performed structure-guided mutagenesis (Figure 5d ) and analysed the mutants for their ability 290 to bind to proapoptotic BH3 motif peptides (Table 1) . Mutation of the conserved R90 in 291 TPV16L substantially impacts on its ability to bind BH3 motif peptides, with 10-80 fold 292 reduction in affinities for Bim, Bad, Bid, Bik as well as Bak and Bax BH3 binding, whereas 293 binding to Hrk and Puma BH3 is only reduced ~2-fold. Similarly, an A96I substitution led to 294 affinity losses of 2-40 fold across all interactors. In contrast, whilst mutation of K52 to Ala 295 also led to a 2-4 fold reduction in binding affinities for many interactors, binding to Bid BH3 296 was largely unaffected. In contrast, binding to Bad and Bmf BH3 was reduced by 40 and 20 297 fold, respectively. 298 299 Discussion 300
Altruistic death of an infected cell is a potent mechanism to restrict viral infections. Viruses 301 have evolved numerous strategies to prevent premature host cell death to establish productive 302 Asp169 with TPV16L S84 or DPV022 E80. As expected, loss of the hallmark ionic 328 interaction severely impacts TPV16L ability to bind to pro-apoptotic Bcl-2 interactors, with a 329 TPV16L R90A mutation displaying up to 80 fold reduction in affinity (Table 1) In summary, we report the biochemical and structural analysis of tanapoxvirus 16L, 358 which revealed a broad high affinity binding profile for mammalian pro-apoptotic Bcl-2 359 proteins. Furthermore, our crystal structures of TPV16L bound to Bax and Puma BH3 360 indicate that TPV16L displays substantial structural plasticity, being able to adopt both a 361 classical monomeric Bcl-2 fold as well as a domain-swapped dimeric Bcl-2 fold. Overall, our 362 findings provide a mechanistic platform for dissecting the role of 16L for tanapoxvirus 363 replication and infectivity. 364 365
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